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The reduction mechanism of particle surface oxide films on Al–Mg alloy specimens
sintered by the pulse electric current sintering (PECS) process was investigated via
transmission electron microscopy, energy dispersive x-ray spectroscopy, and
thermodynamic calculation. The reduction products were either MgAl2O4 or MgO or
both, which is dependent on the sintering temperature and Mg content in Al–Mg alloy.
Comparing the experimental temperature of the reduction products with that from
thermodynamic calculation, it was suggested that the temperature at interfaces between
particles was higher than that inside particles. This difference of temperature enhanced
reduction of surface oxide films of Al–Mg alloy powders and hence accelerated the
sintering in the PECS process.
I. INTRODUCTION
It is well known that it is difficult to sinter aluminum
and its alloy powders by conventional sintering processes
because the surface of powder particles is covered with
tenacious oxide film that cannot be broken and/or re-
moved by heating.1,2 On the other hand, pulse electric
current sintering (PECS), which is also called spark
plasma sintering (SPS)3,4 or plasma-activated sintering
(PAS),5,6 has received much attention as one of the most
advanced materials processing techniques in recent
years. In the PECS process, pulse electric current flows
directly into the powder particles and mold. Due to the
high heating efficiency, it can easily consolidate a high-
quality specimen at lower sintering temperature in a
shorter time than conventional sintering methods such as
hot pressing (HP) and hot isostatic pressing processes. It
can even be used with those materials that are very dif-
ficult to be sintered via other processes.3,4 However, the
actual sintering phenomenon that occurs during PECS is
still subject to various opinions. The PECS process sin-
tering mechanisms proposed by several researchers are
not in agreement with each other.
To clarify the sintering phenomenon in the PECS
process, we carried out the sintering of Al metal powder
using the PECS process. It has been indicated that solid-
state sintering of Al powder is possible using the PECS
process.7 The oxide film at Al powder particle surface
was broken and dispersed by plastic deformation of pow-
der particle under loading pressure. The electrical resis-
tivity and mechanical properties of Al powder compacts
depended on the metal–metal bonding interfaces between
powder particles. However, even at a relatively high sin-
tering temperature (such as 873 K), the oxide film in the
interfaces between Al powder particles cannot be com-
pletely removed yet.8 To remove the oxide film, reduc-
tion reaction is considered to be effective. Mg is a typical
element used to reduce surface oxide films of Al metal
and its alloys according to its standard free energy of
formation of oxides.9 Recently, we sintered Al–Mg alloy
powders using the PECS process. By the addition of Mg
element, an obvious improvement of tensile properties
and a decrease of electrical resistivity of the sintered
specimens were observed, which has been presented in
another paper.10 In the current study, the characterization
of interfaces between particles in Al–Mg alloy specimens
sintered by the PECS process was investigated by trans-
mission electron microscopy (TEM) and energy disper-
sive x-ray spectroscopy (EDS). The reduction mecha-
nism of surfaces oxide films was analyzed, and thermo-
dynamic calculation of the reduction reactions was
carried out. We compare the results between calculation
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and experiment, and the mechanism of sintering accel-
eration in PECS process is discussed.
II. EXPERIMENTAL
Al–Mg alloy powders with different Mg contents
(0.3, 1.0, 2.5, and 10 wt%) were used in the current
study. Particle size distributions of the initial powders are
presented in Table I, and the chemical compositions are
shown in Table II. The surface oxide composition of the
initial powders was analyzed using auger electron spec-
troscopy (AES) and x-ray photoelectron spectroscopy
(XPS). It was determined to be mainly Al2O3.
An appropriate amount of powder, which was based
on 100% of the theoretical density at a compact thickness
of 5 mm, was put into a graphite die. Then, pressing and
heating of powder were simultaneously carried out in a
vacuum using a pulse electric current sintering system
(SPS-520 model, Izumi Technology Company, Ltd., Ka-
wasaki, Japan). The heating speed was 50 K/min (room
temperature to Ts − 50 K) and 12.5 K/min (Ts − 50 K to
Ts) (Ts is sintering temperature) so as to prevent the
overshoot of temperature. The holding time at the sinter-
ing temperature was 5 min. The temperature measure-
ment and control were conducted by a sheath thermo-
couple with K type, which was inserted into the graphite
die with a distance of 5 mm from the sintered specimen.
The specimen temperature was calibrated by the directly
measured center temperature of the sintered specimen.
A uniaxial pressure model was conducted using graph-
ite punches at top and bottom. A loading pressure of
23.5 MPa was used in this study. The frequency of the
pulse power was 40 kHz.
The shape of the sintered specimens was that of the
tensile specimen, with length of 20 mm and width of
5 mm at the gauge part. The detailed geometry of the
sintered specimen is available in a previous paper.8
Thin-foil specimens were cut out from the sintered
specimens by a diamond saw, then punched into disks
with 3-mm diameters, sequentially mechanically thinned,
dimpled, and ion-milled to electron transparency. TEM
observations and EDS analyses were carried out at room
temperature using a JEM-ARM 1000 TEM equipped
with an EDS system (JEOL, Tokyo, Japan). The system
was operated at 1000 kV for TEM observation and at
400 kV for EDS analysis.
III. RESULTS AND DISCUSSION
The interfaces between powder particles in Al–Mg al-
loy specimens sintered via the PECS process were inves-
tigated by TEM observations and EDS analyses. The
observation and analysis were carried out on several in-
terfaces for each specimen.
TEM observations and EDS analyses showed that the
continuous oxide films (mainly Al2O3) originally cov-
ered in the surface of powder particles were broken.
Some direct metal–metal bonding at the interfaces be-
tween particles occurred. Except for the direct metal–
metal bonding regions, bonding regions with crystalline
precipitates (spheroidization) were also observed in all of
the Al–Mg alloy specimens. Figure 1(a) shows a bright-
field TEM image of an interface between particles in
Al–0.3Mg specimen prepared by PECS process at a sin-
tering temperature of 823 K. The precipitates are ob-
served at the interface, as indicated by arrows. Figure 1(b)
is the selected-area diffraction (SAD) pattern taken from
the corresponding interface region in Fig. 1(a). Except
for the diffraction spots from matrix particles, some dif-
fraction rings are observed in the SAD pattern, as indi-
cated by arrows in Fig. 1(b). These diffraction rings can
be indexed with either MgAl2O4 or -Al2O3 crystal-
lites.11 To differentiate -Al2O3 from MgAl2O4, EDS
analyses for the interface region and matrix were carried
out. Figures 2(a) and 2(b) show EDS spectra taken from
the interface and matrix in Fig. 1(a), respectively. Com-
pared with that from matrix, EDS spectrum from the
interface region shows the enrichment in magnesium and
oxygen. The presence of substantial magnesium indicates
that the precipitates at the interface are more likely to be
MgAl2O4.
The similar TEM observations and EDS analyses were
carried out at the interfaces between particles in the
TABLE I. Particle size distributions of the initial Al–Mg alloy powders.
Powders
Particle size distribution (wt%)
10 40 40 10
Al–0.3 Mg Below 16.04 m 16.04–46.87 m 46.87–145.3 m Over 145.3 m
Al–1.0 Mg Below 16.24 m 16.24–49.93 m 49.93–130.6 m Over 130.6 m
Al–2.5 Mg Below 16.75 m 16.75–46.96 m 46.96–120.9 m Over 120.9 m
Al–10 Mg Below 16.92 m 16.92–48.84 m 48.84–153.3 m Over 153.3 m
TABLE II. Chemical compositions of the initial Al–Mg alloy
powders.
Powders
Composition (wt%)
Al Mg Si Fe Cu Mn Zn Ti
Al–0.3 Mg 99.68 0.25 0.05 0.02 TRa TR TR TR
Al–1.0 Mg 98.68 1.10 0.22 TR TR TR TR TR
Al–2.5 Mg 97.51 2.44 0.05 TR TR TR TR TR
Al–10 Mg 91.04 8.92 0.03 0.01 TR TR TR TR
aTR indicates below 0.01 wt%.
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sintered specimens with various Mg contents and at vari-
ous sintering temperatures. The compositions of the pre-
cipitates at the interfaces for various specimens were
determined via analyzing the corresponding SAD pat-
terns and EDS spectra. The results obtained are summa-
rized in Table III. It is seen that the composition of the
precipitates changes with sintering temperature and Mg
content. For Al–0.3Mg alloy specimen, the precipitate at
interfaces between particles is MgAl2O4, whereas for Al–
10Mg alloy specimen it is MgO in the experimental
temperature range. For Al–1.0Mg and Al–2.5Mg alloy
specimens, the composition of the precipitates changes
from MgO to MgAl2O4 with an increase in sintering
temperature.
Based on the results from AES and XPS analyses, the
oxide covered in the surface of the original alloy powders
was mainly Al2O3. However, Al2O3 was not observed at
the interfaces between particles in the sintered Al–Mg
alloys specimens; instead, the precipitates of MgAl2O4 or
MgO. The presence of the precipitates (MgAl2O4 and
MgO) at the interfaces in the sintered Al–Mg alloy speci-
mens is suggested to be from reduction reactions of Mg
with the oxide films. The reduction reactions are repre-
sented as
3Mg + 4Al2O3 → 3MgAl2O4 + 2Al , (1)
or
3Mg + Al2O3 → 3MgO + 2Al . (2)
Similar suggestion has been proposed by investigation of
the surface nitriding of Al–Fe–Ni alloy powders con-
tained 0.63 wt% Mg.12 Metallic Al was found on the
topmost surface of the powders above 773 K and sug-
gested that the surface oxide films were broken by re-
duction. However, in the current study, the reduction
products have been observed even at the temperature of
573 K.
To demonstrate the possibility of the existence of dif-
ferent reduction products in Al–Mg alloy, the thermody-
namic calculation was carried out.
Changes of Gibbs free energy of formation for reduc-
tion reactions by Eqs. (1) and (2) can be calculated by the
following Eqs. (3) and (4), respectively.
Gf0(1) =
3
4Gf,MgAl2O4
0
− Gf,Al2O3
0 +
3
4RT ln
Al
2/3
Mg
, (3)
Gf0(2) = 3Gf,MgO0 − Gf,Al2O30 + 3RT ln
Al
2/3
Mg
, (4)
FIG. 1. TEM micrographs of Al–0.3Mg alloy specimen prepared via
PECS process at 823 K: (a) bright-field TEM image and (b) SAD
pattern of the interface region in (a).
FIG. 2. EDS spectra of Al–0.3Mg alloy specimen prepared via PECS
process at 823 K: (a) taken from the interface region of Fig. 1(a) and
(b) taken from the matrix.
TABLE III. Compositions of the formation products at the interfaces
between particles with temperatures and Mg contents in Al–Mg alloy
specimens sintered via the PECS process.
Al–0.3 Mg Al–1.0 Mg Al–2.5 Mg Al–10 Mg
573 K    MgO
593 K   MgO 
613 K  MgO  MgO
623 K MgAl2O4   MgO
643 K   MgO 
663 K  MgAl2O4+MgO  
673 K MgAl2O4   
693 K   MgO MgO
713 K  MgAl2O4+MgO  
733 K    MgO
763 K  MgAl2O4  
783 K   MgAl2O4+MgO 
803 K  MgAl2O4  
823 K MgAl2O4   
853 K  MgAl2O4  
PECS, pulse electric current sintering.
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where T is temperature and R is gas constant.
G0f,MgAl2O4, G
0
f,MgO, and G0f,Al2O3 present standard
Gibbs free energy for the formation of MgAl2O4, MgO,
and Al2O3, respectively, at reference temperature of
298.15 K and standard state pressure of 1 bar. They were
obtained by the fitting data from JANAF.13 In addition,
the data for standard Gibbs free energy of formation from
Barin14 were also fitted and used to calculate as a com-
parison. Al and Mg present the activity for Al and Mg,
respectively. In the current study, Mg content is low. The
Al–Mg alloys can be considered to be a dilute solution
approximately. Thus, the content of Al was used as the
activity of Al in the calculation. The activity (Mg) of Mg
depended on temperature and Mg content in the alloys.
The result was from the fitting of the activity measure-
ment values of Al–0, 5, 10 at.% Mg alloys.15 In this
study, reduction reactions were carried out in the inter-
faces between particles. The difference in interface en-
ergy for the formation of MgAl2O4 and MgO was also
considered at the calculation. Figure 3 shows the results
by thermodynamic calculation, together with those ob-
tained from experiment. The curves by G0f (1) 0 and
G0f (2)  0 give the critical conditions of Eqs. (1) and
(2) toward right-side reaction; namely, the formation
condition of MgAl2O4 and MgO, respectively. The re-
sults calculated with JANAF data13 and Barin data14 do
not have obvious difference. The curve given by
G0f (1) G0f (2) presents the favorable condition of the
formation of MgAl2O4 and MgO. The curve means that
there is the same possibility for the formation of
MgAl2O4 and MgO. The left side of the curve presents
that the formation of MgAl2O4 is thermodynamically fa-
vorable, and the favorable formation of MgO is in the
right side of the curve. There is a little difference in
calculating results by JANAF data13 and Barin data.14 It
is seen that the products of reduction reactions depend on
the temperatures and Mg contents in the alloys, as similar
to experimental results. The calculated results were also
consistent with those obtained from diffusion bonding
experiments of Al–Mg alloys.16 However, comparing the
results of the sintered specimens by the PECS process in
this study, there is a big difference in the formation tem-
perature of reduction products, as shown in Fig. 3. For
example, for Al–1.0Mg alloy specimen, the result of
thermodynamic calculation indicates that MgAl2O4 +
MgO phases can be obtained at temperature of about
863 K. In fact, MgAl2O4 + MgO phases have been ob-
served in the interfaces between particles in Al–1.0Mg
alloy specimen prepared via PECS process at 663 K and
713 K. Likewise, the specimen temperature has been
calibrated by the directly measured center temperature of
the sintered specimen. For the reason of the temperature
difference between experimental and thermodynamic
calculated results, an explanation is proposed as follows.
In the thermodynamic calculation process, an average
temperature of the sintered specimen was used. Thus, for
diffusion bonding specimen with uniform temperature
distribution, there is excellent consistency between the
results of TEM observation16 and the thermodynamic
calculation. However, in PECS process, pulse electric
current flows directly through powder particles. The
electric current concentration occurs in the contact region
between powder particles, in particular at the early stage
of the sintering or at a low relative density. Furthermore,
oxide films exist at particle surface, and the electrical
resistivity of oxide films is higher than that of parent
metal. Thus, more thermal energy brings about in the
contact interfaces between powder particles, and a local
high temperature in the contact interface is achieved.
Therefore, the temperature in the contact region is higher
than the average temperature of powder particles
(namely the measured temperature during PECS proc-
ess). Nagae et al.17 has demonstrated via calculation that
the local high temperature is possible to sinter Al powder
by the PECS process.
On the other hand, thermal conductivities of Al alloys
by the addition of Mg element are much lower than that
of Al metal. The thermal conduction of Al–Mg alloys is
difficult. So, the formation of local high temperature in
the contact interfaces between powder particles in Al–
Mg alloys is easier than that in Al metal. Similar results
have been reported by Nishimoto et al.18,19 in the inves-
tigations of the sintering bonding of Ni-base and Fe-base
oxide dispersion strengthened alloys powders using
PECS process at the initial stage of the sintering bonding.
Based on the results in this study, the temperature in
the contact interface between powder particles is about
100–200 K higher than the average temperature for the
sintered Al–Mg alloy specimens by the PECS process.
Due to the higher interface temperature in the PECS
process, the breakdown, reduction, and dissolution of
FIG. 3. Comparison between thermodynamic calculation results and
experimental results for the formation products at the interfaces be-
tween particles in Al–Mg alloys specimens.
G. Xie et al.: Reduction of surface oxide films in Al–Mg alloy powders by PECS
J. Mater. Res., Vol. 19, No. 3, Mar 2004818
oxide films are easier than those in conventional sinter-
ing methods. Nagae et al.17 compared the microstructures
and densification characterization of the sintered Al
powder specimens prepared via PECS process and hot
pressing (HP) process. The sintered specimens were
more densified via PECS process than those via HP proc-
ess at similar sintering conditions. In the current study,
the oxide films covered in the surface of powders are
reduced by Mg addition, and the reduction is accelerated
by the higher interface temperature in the PECS process.
These enhance the sintering of alloy powders. Table IV
presents the results of the enhancement for the densifi-
cation of the sintered specimens by the addition of Mg.
With increasing Mg content at the same sintering tem-
perature, the density of the sintered specimens increases.
This feature of local high temperature in the PECS
process will be useful for fabrication of porous materials
and bonding of the hollow parts with complicated shape.
Likewise, the utilization of reduction reaction by Mg
addition is also an effective method to improve sintering
and bonding of Al and Al alloy.
IV. CONCLUSIONS
The interface between powder particles in Al–Mg al-
loy specimens sintered via the PECS process was inves-
tigated by TEM observation and EDS analyses. Thermo-
dynamic calculation of reduction reactions was carried
out, and the reduction mechanism of surfaces oxide films
was analyzed. It was shown that the oxide films at Al–
Mg alloy powder surfaces were reduced by Mg. The
products of reduction reactions were either MgAl2O4 or
MgO or both of them, which depended on the sintering
temperature and the Mg content in Al–Mg alloy. Com-
paring the experimental temperature of the reduction
products with that from thermodynamic calculation, it
was clear that the temperature at the interfaces between
particles was higher than that inside the particles in
PECS process. These results can well explain the effect
of sintering acceleration in PECS process.
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